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SUMMARY

Boiling heat transfer to liquid hydrogen and nitrogen was investi-
gated experimentally. Results are presented from a study of bulk boil-
ing inside a cylindrical tube under vertically upward forced-flow condi-

tions. A 0.555-inch-inside-diameter and lG%—inch—long electrically

heated stainless-steel tube was used. The range of variables studied for
hydrogen were mass velocity of 2850 to 17,000 pounds per hour per squere
foot, local heat flux of 3600 to 40,000 Btu per hour per square foot,
inlet pressure of 30 to 74 pounds per square inch absolute, and inlet
subcooling of 0° to 9° R. Nitrogen test conditions were mass velocity of
15,000 to 56,000 pounds per hour per square foot, local heat flux of 2300
to 40,000 Btu per hour per square foot, inlet pressure of 47 to 56 pounds
per square inch absolute, and inlet subcooling of 1° to 6° R.

The axial distribution of the tube-wall temperatures is presented.
A transition in the type of boiling heat transfer was obtained. The
critical heat flux corresponding to this transition was determined over
a range of flow and heating rates and local qualities., At specific com-
binations of flow and transition location, a range of critical-heat-flux
values was obtained and maximum values were determined. The maximum
critical neat flux increased with increasing fluid-flow rate and de-
creased with increasing length of tube before transition. Similar varia-
tions of the maximum critical heat flux have been reported for water.
The tube-inner-wall temperatures upstream of transition were essentially
uniform and were only slightly greater than the fluid saturation temper-
ature. The wall-temperature profiles downstream of transition generally
resembled those obtained in film-boiling studies and appeared to be
strongly dependent upon local gquality at the point of transition. Maxi-
mum wall temperatures of 200° and 1800° R were obtained with hydrogen and
nitrogen, respectively. Fluctuations of pressure, flow rate, and temper-
sture occurred during some of the boiling tests. Under some conditions,
maximum critical-heat-flux values were attained during steady-state oper-
ation with fluctuations. In other cases the fluctuations became uncon-
trolled, and critical-flux values less than the maximum values were ob-
tained upon restebilization of the test conditions. No measurable pres-
sure drop across the test section was obtained at any condition.



INTRODUCTION

Liquid hydrogen has been proposed for use in several advanced pro-
pulsion systems. In these systems, hydrogen may be used both as a pro-
pellant and as a coolant. The low boiling point of hydrogen and the de-
sirability of storing it in the liquid state in addition to the require-
ments of some systems for gaseous hydrogen necessitate a knowledge of
two-phase flow and heat transfer for hydrogen. Information is especially
desired for boiling heat transfer of hydrogen under forced-flow, confined-
geometry conditions. In addition, the wide variance of the physical
properties of hydrogen from those of more conventional fluids make it
attractive as a test fluid in research directed towards a more complete
understanding of the general problem of boiling heat transfer.

Information in the literature concerning boiling heat transfer,
primarily for the case of pool (or pot) boiling and usually for conven-
tional fluids, such as water and alcohols, is extensive, Present think-
ing with respect to pool boiling and related investigations with hydro-
gen are summarized in reference 1. Pool boiling is characterized by three
distinct modes of boiling, namely, nucleate, transition, and film boil-
ing. Analytical and empirical relations between the heat flux (or heat-
transfer coefficient) and the wall- to fluid-temperature difference have
been obtained for pool boiling. Pool boiling also exhibits a distinctive
value of heat flux obtained at the boundary between the nucleate and
transition boiling regions that has been variously termed maximum nucleate
flux, departure from nucleate boiling (DNB), or burnout heat flux. Ana-
lytical and experimental correlstions of the maximum nucleate flux with
fluid properties and test operating variables have been made with vary-
ing degrees of success (ref. 1).

For the case of forced flow in confined geometries, the current
understanding of boiling heat transfer is much more limited, especially
for the case of net vapor generation. Again, considersble data have been
obtained and several correlations have been proposed (refs. 2 to 8).

Much of the available dats are incompletely presented or contradictory,
and the correlations, which successfully relate the results of a single
study, have not been successful when applied to other tests or fluids of
widely differing properties. The experimental data of several investiga-
tions (refs. 2 to 4) have indicated the existence of a critical heat

flux, which somewhat resembles the maximum nucleate flux obtained in pool
boiling, in that a well defined reduction in the heat-transfer coefficient
is obtained. Some data of this type that resemble the usual results ob-
tained for pool boiling were obtained in limited tests of bolling hydrogen
(ref. 7). Data were obtained in reference 8 for hydrogen for the region
that might be termed film boiling in tubes with forced flow. For the
investigations of boiling heat transfer with forced flow in confined
geometries, there is a wide variation in the assumptions regarding the
physical nature of the heat-transfer process and in the definition of

the critical heat flux.
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Because of the aforementioned limitations of present knowledge, 2
program was initiated at the Lewis Research Center to investigate boiling
heat transfer to liquid hydrogen under conditions of forced flow inside
a vertical tube. The principal objective of the investigation was to
determine in engineering terms the effect of the operating variables
(flow rate, pressure, liguid inlet subcooling, heating rate, and tube
geometry) on the mode of heat transfer and their relation to the value
of the critical heat flux. The program was directed towards conditions
resulting in net vapor generation. In addition, information on flow
instability and its effect on heat transfer were desired.

The test apparatus consisted of a pressure-fed, once-through system
with an electrically heated vertical tube of 0.555-inch inside diameter
and l6%-inch length. Both subcooled liquid para-hydrogen and liquid

nitrogen flowed through the tube in vertical upflow. The range of vari-
ables investigated was limited to the following:

Hydrogen Nitrogen

Mass velocity, 1b/(hr)(sg ft) 2850 to 17,000 {15,000 to 56,000
Local heat flux, Btu/(hr)(sq ft)| 3600 to 40,000| 2300 to 40,000
Liquid inlet subcooling, ©R 0 to 9 1l to 6
Inlet pressure, 1b/sq in. abs 30 to 74 47 to 56

Tube-exit qualities ranged from essentially O to 1.0 (with superheat),
and transition from a relatively high to a lower value of heat-transfer
coefficient occurred over a range of axial locations from tube entrance
to exit. A few tests were made with cold hydrogen gas flowing through a
heated tube. The results obtained from the investigation are presented
in tabular and graphical form.

APPARATUS
General Arrangement

The test equipment included a liquid-supply Dewar, a controlled
source of pressurizing gas, a flash cooler to subcool inlet test liguid,
the test section and electric power supply, inlet and exit control valves,
a vaporizer, an orifice-type flowmeter, and vent, pressure relief, and
purge systems (fig. 1). In practically every case, the test liquids
(para-hydrogen and nitrogen) were pressurized by their own gases. Gase-
ous helium was used for system purging and inerting. The vaporizer was
used to ensure that only a fully vaporized product would pass through
the flow orifice. All fluid lines from the supply Dewar to a point past
the end of the test section were insulated with a vacuum Jjacket.
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Test Section

The test-section assembly consisted of the electrically reated tube,
inlet and outlet chambers, a vacuum jacket, and test instrumentation
(fig. 2). The tube was made of type 304 stainless steel with a 0.535-
inch inside diameter and a C.035-inch-thick wall. As indicated in fig-
ure 2, the effective heated length of the tube was 16% inches, measured
between the inner faces of the end flanges. All distances along the
tube from the tube inlet were measured from the downstream side of the
inlet flange. The actual inlet end of the tube extended 1/2 inch up-

stream of this point. The inlet chamber consisted of =a l%-inch—inside—

diameter stainless-steel cylinder attached to the inlet flange. The
inlet chamber, which was lined with 1/8-inch-thick thermal insulation,
was designed to provide a low-velocity plenum at the test-section entrance
and to minimize heat leakage from the heated test section to the incoming
liquid. Two copper bus bars, diametrically opposite, were connected be-
tween the test-section inlet flange and the bobttom flange of the vacuum
Jacket, which also served as the ground side of the electrical circuit.
These bus bars were 4 inches long with a cross section of 1/8 by 1 inch.
The outlet chamber was designed to minimize heat losses from the tube,

to provide an electrically insulated, low-electrical-resistance connec-
tion to the tube, and to provide a thermally insulated mixing chamber,

in which the test fluid could come into thermal and phase equilibrium.
The outlet chamber contained an inner liner consisting of stainless steel
and Teflon. This liner, which was not attached directly to the tube,

was designed to allow cool gas to accumulate between it and the outer
shell and thus tc act as thermal insulation. The outlet section was
connected to a l-inch-outside-diameter copper tube that passed through
the vacuum Jjacket and was electrically isolated from it. Two conically
shaped mixing screens were placed in the outlet section. The vacuum
Jacket around the test-section assembly consisted of stainless-steel

flanges with O-ring seals, a 3%-inch—diameter Lmcite tube, and an

aluminum-foil radiation shield.

Flash Cooler

The flash cooler shown in figure 1 was provided to supply subcooled
liquid to the test section. The cooler consisted basically of three
concentric tubes. The flow of the liquid to the test section was brought
through the small innermost tube. Some liquid was allowed to pass into
the annular space around the inner tube through bleed holes at various
points along the length of the subcooler. The pressure in this annulus
was maintained intermediate between atmospheric pressure and the supply
Dewar pressure by a throttle valve. The liquid entering the annular



space vaporized because of the drop in pressure and thus cooled the in-
ner supply tube. The inner tube had a 0.38-inch outside diameter with
a 0.032-inch wall. Stainless-steel rods, 1/4 inch in diameter, were
inserted into the inner tube to promote cooling of the supply liquid.
The outer annular space provided a vacuum Jjacket for thermal insulation.

Electric Power Supply

The tube was heated by alternating current supplied through a 2%-

kilowatt, 60-cycle transformer with a maximum current rating of 500
amperes. The power to the test section was controlled by a variable
autotransformer in the primary circuit. The current to the test section
was measured by a laboratory-quality ammeter connected to a current
transformer with a ratio of 100. Voltage drops across the tube at vari-
ous locations were measured with a Ballantine vacuum-tube voltmeter.

Instrumentation

Instrumentation was provided to measure the inlet and the exit
fluid bulk temperatures, the tube-wall temperatures, the inlet-fluld
pressure, and the test-fluld flow rate.

Fluid temperatures. - The fluid bulk temperatures were measured by
carbon resistors in the inlet and the exit of the test section (see
fig. 2). The carbon resistors at the test-section outlet were located
both above and below the mixing screens. The carbon resistors were
hermetically sealed in a protective sheath about 0.1 inch in diameter
by 0.2 inch long. The carbon resistors acted as one arm of a bridge
circuit, the output of which was recorded on a self-balancing potenti-
ometer. The slope of the temperature-resistance curve was obtained 1n
a laboratory calibration and was essentlally invariant. Shifts of the
curve occurred, however, that requlired daily adjustment with a trimming
resistance at a known temperature condition. The fluid temperature at
the orifice flowmeter was measured with a copper-constantan thermocouple.
The overall accuracy of the fluid bulk temperatures is estimated at ap-
proximately *0.5° R.

Wall temperatures. - The temperatures of the tube wall and of adja-
cent sections were obtained with copper-constantan thermocouples. The
thermocouples were soldered to the outside of the tube wall and the leads
were wrapped around the tube several times and were finally wrapped with
glass-fiber tape. The tube-wall thermocouples were positioned in one
longitudinal plane and their axial locations are given in table I. The
positions of the thermocouples that were installed on the inlet section,
the outlet section, and the ground bus are also given in table I. These
thermocouples were used to monitor the flow of heat to and from the test
section.




The constantan wire from each thermocouple junction was led without
interruption to individual reference junctions located in a liquid-
nitrogen bath at atmospheric pressure. Copper leads led from the bath to
a manual selector switch. The thermocouple voltage was bucked by a 1~
millivolt voltage to obtain positive values, and the resultant signal
was recorded on a self-balancing potentiometer. The calibration of the
thermocouples was determined from the National Bureau of Standards cali-
bration (ref. 9) and laboratory calibration checks. The calibration in-
dicated a very low sensitivity for the copper-constantan thermocouples
near liquid-hydrogen temperatures. Wall temperatures, however, were ob-
tained from approximately 40° to 1800° R. Above 1200° R, an extrapolation
of the curve of reference 9 was used. The sensitivity and accuracy of

the thermocouple readings are indicated by the following table:

Liquld-hydrogen|Liquid-nitrogen|Room tempera-
temperature temperature |ture (5300 R)

(45° R) (160° R)
Sensitivity, mv/°R 0.004 0.01 0.022
Chart reading limit, mv| 0.0l to 0.02 0.01 to 0.02 {0.01 to 0.02
Chart reading limit, COR 2.5 to 5 1 to 2 0.5 to 1

The thermocouple calibration points also showed a scatter of approximately
+39 R at liquid-hydrogen temperatures and *+1C R at liquid-nitrogen tem-
peratures. Approximately the same scatter was obtained from the actual
tube-wall thermocouples during no-heat runs. The tube-wall thermocouples
were attached to the outside of the tube wall. The temperature of inter-
est, however, is that of the immer surface. An analysis and computation
of the temperature drop through the tube wall is given in appendlx A for
the case of negligible axial temperature gradients. This analysis indi-
cates wall drops of up to 20° R for liquid-hydrogen conditions and up to
7° R for liquid-nitrogen conditions over the range of the test heat
fluxes.

Pressure. - The fluid pressures were sensed with strain-gage-type
transducers and were continuously recorded on a high-speed recording
potentiometer (O.3-sec full-scale travel). Pressure was sensed at the
test-section inlet (see fig. 2) by a transducer having a range of O to
100 pounds per square inch absolute and an overall accuracy of *0.5 per-
cent of full scale. Initially a differential pressure transducer was
installed to measure the pressure drop across the test section. Since
no measurable pressure drop was obtained at the largest flow and vapori-
zation conditions, the downstream pressure tap was removed to aid in
eliminating flow and pressure oscillations. The fluid pressure far down-
stream of the tube exit (upstream of the exit control valve) was monitored
on a visual gage but showed no significant drop from the test-section
inlet pressure. The pressure in the flash cooler was also sensed by a
strain-gage transducer.



Flow rate. - The test-fluld flow rate was measured by a sharp-edge
orifice downstream of the vaporizer. The vaporizer ensured that all the
fluid was in the gaseous phase and at a temperature at which fluid prop-
erties are well known. The discharge coefficient was determined with
water for a range of Reynolds numbers. The orifice pressure and pres-
sure drop were measured with strain-gage-type transducers and recorded
on a self-balancing potentiometer. The flow-rate measurements are esti-
mated to have an accuracy of *2 percent.

PROCEDURE
Establishment of Test Conditilons

Obtaining information on bolling heat transfer for various heating
rates at several pressure levels and over a range of flow rates in a
systematic way was desired in order that the effects of each variable
could be determined. It was also desired to have the test liquld enter
the test section slightly subcooled and to study heat transfer and two-
phase flow in forced flow over as great a range of fluid quality as pos-
sible and to obtain a critical heat flux at erbitrary locations along
the tube axis. (The critical heat flux is defined as the flux immediately
before the transition from the high upstream heat-transfer coefficient to
a lower value.) Completely systematic operation was not always possible
because of limitations of the test equipment and of the boiling process
itself. In addition, operation at a precise preselected condition was
difficult to attain because of fluctuations of flow and pressure that
occurred in the system.

The general operating procedure consisted of setting conditions of
flow rate, pressure, and inlet subcooling without heat addition and then
gradually increasing the heat to the test section in small increments
until the desired condition was obtained. As heat was added to the
system, the flow and pressure conditions changed and had to be continually
readjusted. The most consistent and repeatable results were obtained by
always increasing the heat control setting and/or decreasing the flow
rate. The range of test variables for the investigation of boiling heat
transfer were test-section pressure, 30 to 74 pounds per square inch
absolute; mass velocity, 2850 to 17,000 pounds per hour per square foot
for hydrogen and 15,000 to 56,000 pounds per hour per sgquare foot for
nitrogen; inlet subcooling of 0° to 9° R for hydrogen and 1° to 6° R
for nitrogen. The heated-tube-wall temperatures varied from 36° to
1800° R. The point of transition from a high to a lower heat-transfer
coefficient was obtained at various locations along the length of the
tube. Occasional unheated runs were mede before and after & heated
run. For en unheated run made after a heated condition, the flow and
pressure controls were left unchanged in order that the effect of boll-
ing on the flow conditions might be studied. A few runs vere made in
which cool hydrogen gas flowed through the tube st nominsl pressures of
50 and 70 pounds per square inch absolute, inlet temperatures of 460



to 82° R, and mass velocities of 7800 to 13,000 pounds per hour per
square foot.

Data Reduction and Computations

All wall temperatures were obtained from the thermocouple chart
readings and the aforementioned copper-constantan thermocouple calibra-
tion. Inner-tube-wall temperatures for a negligible axial temperature
gradient were obtained from the calculations of appendix A. All pres-
sures were read directly from the recorder charts. The flow rate was
computed by the standard ASME orifice equations. TFluld properties were
taken primarily from National Bureau of Standards sources (refs. S
and 10).

The local heat flux was computed from the measured current and
tube-outer-wall temperature by equation (All).

The local vapor quality was obtained from a heat balance by the
relation

Q - ch(tsat - tip)
X = — (1)
fg

(A11 symbols are defined in appendix B.) TFor the special case of negli-
gible axial temperature gradient (hence, constant heat flux), the quality
is given by

L
_ 46%)(5) - Cp(tsat - tin)
hfg

(2)

Heat balances were computed for a few cases by comparing the enthalpy

rise of the fluild through the test section with the amount of electric
heat supplied to the test section. The heat balance could be computed
cnly for cases with subcooled inlet liguid and superheated exit vapor
(except for the hydrogen-gas runs) because there was no independent means
of measuring quality. The heat balances agreed in most cases within #10
percent. Usually the heat input was greater than the measured increase

in fluid enthalpy, which indicated a heat loss. The main sources of heat
loss (or gain) are the vacuum Jacket, the copper ground bus, and the in-
let and the exit sections. Calculations indicated that heat transfer
across the vacuum jacket to the test section was negligible. Conduction
through the copper ground bus was into the inlet section and was less than
5 percent of the heat generated in the tube. The heat loss from the tube
through the walls of the inlet section was less than 2 percent of the heat
generated in the tube. Evaluation of the heat loss at the exit of the
test section was impossible. An additional source of error arose from
the possible nonequilibrium of temperature and the phase of the test



fluid at the points of measurement in the inlet and the exit sectionms.
The heat balance, however, was satisfactory and within the accuracy ex-
pected from the individual measurements.

RESULTS AND DISCUSSICN

Tabulation of Data

The data obtained in 160 separate runs are tabulated in table II.
Tneluded in the table are data for runs both with liquid hydrogen and
with liquid nitrogen, both heated and unheated, and also heated and un-
heated gaseous~hydrogen runs. The original data consisted primarily of
the tube-outer-wall temperastures and the fluid exit bulk temperature
obtained for various tests condltions of pressure, inlet fluld temper-
ature, flow rate, and heating rete, TFor cases in which significant
fluctuations of tube-wall temperatures occurred, the magnitudes of such
fluctuations are also tabulated. The runs are numbered in chronological
order. An omission in the run-number sequence indicates an aborted run
or a significant change in the testing program. Also presented in ta-
ble II are the temperatures measured on the electrical ground bus and in
the inlet and the outlet sections. The table also contains the calcu-
1ated values of the fluid inlet subcooling, the fluid exit superheat,
the critical heat flux (or the uniform flux on the tube if it 1is below
the critical value), the position of the point of transition in heat
transfer (termed the eritical-boiling-length-to-diameter ratio), and
the local quality at the point of transition (termed the critical qual-
ity). The remarks tabulated for each run are based on observations
made during the test and also on subsequent study of the data.

Tube-Wall Axial-Temperature Profiles

The tube-outer-wall temperature profiles along the length of the
tube for liguid-hydrogen tests at a pressure of approximately S5O pounds
per square inch absolute and an average inlet subcooling of 20 R are
presented in figure 3 for various heating rates at two different nominal
mass velocities. Also included in the figure are the temperatures of
the inlet and the outlet sections and a schematic diagram of the test-
section geomebry, including thermocouple locations. All the profiles of
figure 3 have the same general shape but show trends with respect to heat-
ing rate and mass velocity. Starting at the tube inlet, the wall tem-
peratures are essentially constant until a sudden temperature rise is
obtained at various downstream locations. Following the initial sharp
rise, the slope of the temperature profile decreases and in some cases the
curves appear to approach a constant temperature. Listed in figure 3 are
the values of the local heat flux existing immediately upstream of the
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point of temperature rise. This heat flux, arbitrarily termed the
critical heat flux, is indicative of a boiling heat-transfer condition
at which, for a given flow and pressure, a transition occurs from a
relatively large heat-transfer coefficient to a smaller coefficient at
a specified position along the tube axis. (The flux downstream of the
transition point is larger than the critical flux because of the in-
crease in tube electrical resistance, but the proportionate increase in
flux 1s much less than the increase in wall temperature.) The critical
flux may not correspond to the maximm nucleate or burnout flux obtained
in pool boiling; for the terms to be Synonymous, evidence would be re-
quired that the critical heat flux results from surface ebullition.

All the data of figure 3 show an increase in the critical heat flux
as the location of transition moves upstream. This inverse relation was
also found in tests with water for transition occurring at the exits of
tubes of various lengths (ref. 4). The temperature-rise curves for the
nominal mass velocity of 12,000 pounds per hour per square foot (fig.
3(a)) show a more pronounced change in slope and tend to approach a con-
stant value of temperature sooner than those for the lower flow rate
(fig. 3(b)). These effects are probably related to the lower qualities
at the critical point obtained at the higher flow rate; however, a dif-
ference in the two-phase flow pattern (void-fraction distribution) is
felt to be the controlling factor.

All the wall temperatures of figure 3 upstream of transition are
uniform along the tube within the limits of the instrumentation and show
a small and nonsystematic variation between runs. The inner-wall tem-
peratures can be obtained by subtracting the wall-temperature drop (given
in appendix A) from the outer-wall temperatures of figure 3. The inner-
wall temperatures are approximately 12° and 3° R above the inlet fluid
saturation temperature for the conditions of figures 3(a) and (b), re-
spectively. These small temperature differences are not considered ac-
curate enough for further analysis because of the inherent inaccuracy
and lack of sensitivity of the temperature measurements at these low
temperatures (40° to 70° R).

Since the highest wall temperatures obtained with hydrogen never
exceeded 900° R and in most cases were less than 600° R, safe operation
over a considerable range of conditions in a region equivalent to film
boiling with forced flow seemed possible. Similar magnitudes of wall
temperature were obtained in reference 8.

The tube-wall temperature profiles obtained with liquid nitrogen
as the test fluid were generally similar to the results with hydrogen.
(A1l nitrogen data are given in table II(b).) The rise in wall temper-
ature following transition was much steeper for nitrogen than for hydro-
gen and the high temperatures (up to 18000 R) obtained finally caused
failure of the test apparatus. During operation with liquid nitrogen,
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attempts to obtain transition upstream of the tube exit generally re~
sulted in unstable conditions with extreme fluctuations of flow, pres-
sure, and wall temperature.

A few tests were made in which cool hydrogen gas flowed through the
heated tube. These tests were made to obtain tube-wall axial temperature
profiles for conditions of gas convective heat transfer for comparison
with the temperature profiles obtained with boiling heat transfer. The
profiles shown in figure 4 are for turbulent convective heat transfer and
are considerably different from those cbtained with boiling heat trans-
fer (fig. 3). For the convective heat transfer, the tube-wall rise always
started close to the tube inlet and the wall-temperature rise was gener-
ally more gradual than for the boiling heat-transfer tests. The shape of
the convective wall-temperature profiles results primarily from entrance
effects and variations in the tube-wall- to fluid-bulk-temperature ratio.
The shape of the wall-temperature profiles for the bolling case (fig. 3),
however, reflects changes in phase and in the boiling heat-transfer
mechanism.

Temperature profiles are presented in figure 5 for boiling hydrogen
at two constant values of transition location for several values of mass
velocity and critical heat flux. An increase in mass velocity tends to
skew the temperature-rise curves by increasing the slope at first and
then by decreasing it at downstream locations. This effect of mass ve-
locity on the temperature-rise curves was previously shown by the data
of figure 3.

Critical Heat Flux

The critical heat flux for the conditions of this investigation
corresponds to the local heat flux just upstream of the location of a
sudden rise in wall temperature. For the critical heat flux at the end
of the tube, transition was defined as the point corresponding to the
conditions existing Jjust previous to the increase in flux that first
caused the thermocouple located 1/2 inch from the tube exit to rise. The
critical heat flux obtained for boiling liquid hydrogen at a pressure of
approximately 50 pounds per square inch absolute is presented in figure 6
as a function of mass velocity for four nominal values of the critical-
boiling-length-to-diameter ratio L/D. A1l these curves show a signifi-
cant increase in the critical flux with increasing mass velocity, but
the slope of the curves generally decreases with increasing mass veloc-
ity. Generally the critical flux increases as the L/D decreases for
constant mass velocity. Similar relations were found for water in ref-
erence 4, in which transition occurred at the exit of tubes of varlous
lengths and diameters. In the present investigation, the length varia-
tion was obtained by causing transition to occur at various locations
along a tube of constant length and diameter. The data of figure 6 show
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an increased scatter with reduction in the critical L/D. The points of
greatest heat flux in figure 6(d) also had the greatest fluctuations of
wall temperature, flow rate, and pressure but were essentially steady-
state conditions., The points along the lower envelope of critical flux
in figure 6(d) did not show any fluctuation. Some of these lower points
were obtained by deliberately overheating and then decreasing power
and/or by increasing the flow rate until & stable condition was obtained.
The rest of the lower points were obtained by a similar, but uncontrolled,
process that could occur independently following a perturbation and that
would eventually result in a stable condition. The highest flux values
obtained at a given operating condition are arbitrarily termed the maxi-
mum critical heat fluxes. Throughout the investigation the maximum
critical heat fluxes were generally associated with fluctustions of wall
temperature, flow rate, and pressure, while the lower values of critical
flux normally occurred without fluctuations. The scatter of the critical-
flux values increased as the transition point moved upstream for the en-
tire investigation with both liquid hydrogen and liquid nitrogen. The
temperature profiles presented in figures 3 and 5 are from tests in which
the maximum critical flux was obtained.

The temperature profile for a maximum-critical-heat-flux case 1s
compared with the temperature profile obtained at a lower value of criti-
cal flux in figure 7. All other conditions of flow rate, pressure, and
inlet subcooling are essentially the same. The main difference in the
two profiles is a higher temperature level for the maximum critical flux
case, which reflects the increased heating rate. The lower critical flux
was obtained by deliberately overheating and then by cooling.

Tube-wall-temperature profiles for tests with critical heat fluxes
less than the maximum are presented in figure 8 for an essentially con-
stant mass velocity and various transition locations. For transition
occurring at a value of L/D of less than 8 (axial distance L of about
4), the profiles each have a definite peak and a minimum as contrasted
with the profiles for larger values of L/D and the profiles of figures
3 and S.

Some runs were made with the wall-temperature rise occurring at or
near the tube inlet. The resulting profiles are shown in figure 9 for
two pressures and various mass velocities. Many of these curves have
peaks and minimum points and in this respect are similar both to the
profiles of figure 8 for values of L/D of less than 8 and to the pro-
files reported in reference 8. The shape of the curves of reference 8
was explained on the basis of an inlet end effect, a two-phase annular-
flow model with the associated momentum pressure drop along the tube,
and the attainment of "dry-wall" or "vapor-binding" conditions. Tn the
tests presented herein, no measurable pressure drop across the test sec-
tion was obtained, but dry-wall conditions could be attained. The dats
of figure 9 do not seem to indicste any significant effect on the critical
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heat flux of the increase in pressure from 50 to 70 pounds per sguare
inch sbsolute. Whether the critical-heat-flux values for the data of
figure 9 should be classified as maximum or submaximum values is not
known. Additional data for small values of transition length are neces-
sary to resolve this question.

The critical-heat-flux data for hydrogen that are considered to be
meximums are shown in figure 10 in logarithmic coordinates as functions
of mass velocity for several critical L/D's. Lines of constant qualilty
of 1.00 and 0.50 computed from a heat balance are &lso indicated in fig-
ure 10. The general trend of the data is similar to that obtained for
the boiling of water at low pressure (ref. 4). The water data indicated
a change of slope or a knee in the curve of flux against mass velocilty
with the knee at a quality of approximately 0.50. The hydrogen data,
however, do not exhibit any marked change in slope, particularly in the
region of a quality of 0.50. The hydrogen data are fairly limited com-
pared with the water data of reference 4. The hydrogen data can be
extrapolated to higher and lower qualities in a manner which would show
that a knee occurs in the quality range of 0.60 to 0.70. These same
data are cross plotted against the critical-length-to-diameter ratio in
figure 11, which shows the inverse relation between the critical heat
flux and the critical IL/D. This effect is greatest for high qualities.
Extrapolating the curves to small critical values of L/D would indi-
cate a small effect of L/D on the maximum critical flux. This condi-
tion makes it difficult to determine if the data shown in figure 9 rep-
resent maximm-critical-flux values.

The variation of the critical heat flux with mass velocity for
boiling liquid nitrogen is presented in figure 1Z. The results are given
for transition at the end of the tube only (L/D = 29). For smaller
values of critical L/D, the criticel heat fluxes that were obtained were
less than those of figure 12 at corresponding operating conditions. For
this reason, the critical fluxes obtained upstream in the tube with ni-
trogen are not regarded as maximum critical fluxes as defined herein.
Attainment of such maximum critical fluxes at critical values of L/D
of less than 29 would be difficult and would require an improved appara-
tus with respect to stability control and material temperature limits.
The general trend of the data of figure 12 agrees with that for hydrogen
at & similar critical value of L/D (fig. 10) but with the critical flux
at a larger value of mass velocity at approximately the same quality.
This result reflects the lower latent heat of veporization of nitrogen
compared with hydrogen.

The data of figure 12 are also plotted in figure 13 together with
the critical-flux data obtained with critical values of L/D of less
than 29. The dashed line in figure 13 represents a quality of 1.00 for
L/D of 29. With the exception of one point, all the critical-flux data
for the short L/D tests fall below that for L/D of 29. In addition,
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the eritical flux obtained upstream of the tube exit appears to be inde-
pendent of the location of transition over a considerable range of L/D.
The resemblance between figure 13 of this report and figure 4 of refer-
ence 4 should be noted. Figure 4 of the reference for water (ref. 4)
showed that the presence of compressible volumes limited the stability
of the system and caused low values of critical flux. A similar, though
unknown, limitation of system stabllity apparently existed for the nitro-
gen tests with transition upstream of the tube exit.

Normalization of Critical-Heat-Flux Datsa

Previous investigators (refs. 2 to 4) have tried various means of
correlating and normalizing critical-heat-flux results. These efforts
have been primarily empirical approaches. In reference 4, a large amount
of data was normalized for forced-flow boiling of low-pressure water by
using parameters including tube diameter, tube length, and mass veloclty.
The maximum-critical-heat-flux data of the present investigation are
presented in terms of the parameters of reference 4 in figure 14 and com-
pared with the water data of reference 4. The eryogenic data appear to
be successfully normalized into single curves for each fluid with an ac-
ceptable degree of scatter. The normalized curves for the three fluids
have the same general trends and are separsted in the order of their
respective latent heats of vaporization. A similar normalization of the
data 1s shown in figure 15 but with slightly different powers of the
length and the diameter terms. The normalization of the data in fig-
ure 15 appears to be equally as good as that in figure 14. Selection of
the correct correlating parameters seems difficult without a realistic
model of the two-phase flow and heat transfer, particularly for the
cases of qualities approaching O and 1.00.

Acceptance of the normalization of the critical-heat-flux data in
the form of figures 14 and 15 would imply an effect of the critical boil-
ing length on the critical heat flux in addition to that required by =
heat balance. If the length term 1s assumed to have no other effect than
that required by a heat balance, the critical-flux data should be nor-
mallzed by a plot of the critical flux against the mass velocity divided
by the critical-length-to-diameter ratio L/D; that is, the critical
heat flux is a unique function of the local critical quality for a given
fluid. The hydrogen maximum-critical-heat-flux dats is shown in this
way in figure 16. The dashed line represents a quality of 1.00 for all
length values. The scatter of the data in figure 16 is only slightly
worse than in figures 14 and 15. The actual data scatter appears to be
unsystematic with the possible exception of the smallest L/D conditions,
for which the heat-flux values fall lower than the rest of the data,
Similar trends were obtained with the water data of reference 4; that 1is,
the fluxes for small L/D data were low. The failure of the small L/D
data to correlate with the rest of the results in a graph such as
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figure 16 may be attributed to several factors, in addition to questions
concerning the validity of the choice of correlating parameters. These
are: (1) The data at small critical values of L/D were the most dif-
ficult to obtain and had the greatest tendency towards instability;

(2) at short lengths, heat transfer and two-phase flow equilibrium may
not have been achieved; and (3) the data at small values of L/D may be
reflecting entrance effects. The relation between the maximum critical
heat flux and the critical length has therefore apparently not been com-
pletely determined. An additional complicating factor is involved in the
selection of the correct critical length. The water tests of reference 4
had considerable inlet subcooling and would be expected to have an ap-
preciable length of subcooled boiling, whereas, in the present investi-
gation, the subcooling was negligible and bulk boiling occurred over
nearly the entire length. Whether the effective length should be measured
from the tube inlet or from the location at which the fluid bulk reaches
the local saturation temperature is unknown. This problem is treated in
reference 3 in a discussion of the use of quality as a correlating param-
eter for the critical heat flux.

Wall Superheat

A conventional method of presenting boiling heat-transfer data
(especially for pool or pot boiling) is a graph of the heat flux against
the wall superheat (wall temperature minus the fluid saturation temper-
ature). Data for nitrogen are presented in this form 1In figure 17. These
dsta include both the maximum-critical-heat-flux conditions and conditions
below critical (no transition). Most of the data appear to fall on a
single curve with no significant effect of mass velocity. Included in
figure 17 are the predictions of reference 11 for nitrogen and of refer-
ence 5 for nitrogen and water. It is claimed in reference 5 that the
method presented therein of predicting boiling hest fluxes sapplies to
flowing systems as well as to nucleate pool boiling. The results shown
in figure 17 should not be interpreted as supporting the analytical pre-
dictions or their application to flowing systems. The agreement may be
fortuitous, especially because of the limited extent and accuracy of the
nitrogen data. Similar graphs for the hydrogen data are not presented
because of the poor sensitivity of the copper-constantan thermocouples
at hydrogen temperatures. In fact, the sensitivity of the thermocouples
for the nitrogen conditions is considered marginal. Analytical predic-
tions indicate a wall superheat of 1° to 3C R for the range of the hydro-
gen test conditions. The experimental data show a wall superheat of the
order of 10° R or greater. Attributing this lack of agreement entirely
to limitations of the thermocouples appears difficult. The data of ref-
erence 7 for hydrogen do not fully correlate with the analytical predic-
tions of references 5 and 11.
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SUMMARY OF RESULTS

The results of the investigation of boiling heat transfer to liquid
hydrogen and nitrogen in forced flow may be summarized as follows:

1. Boiling heat-transfer data (wall temperatures and heat fluxes)
were obtained for bulk boiling of liquid hydrogen and nitrogen under
forced flow upward inside an electrically heated tube. Data were ob-
tained cver ranges of flow and heating rates angd pressures for small
amounts of inlet subcooling. A limited amount of data was obtained with
flowing cool hydrogen gas.

2. A transition in the type of boiling heat transfer was obtained.
The critical heat flux corresponding to this transition was determined
over a range of flow and heating rates and qualities. At specific com-
binations of flow and transition location, a range of critical-flux values
was obtained and maximum values were determined. The maximum critical
boiling heat flux increased with increasing fluid-flow rate and decreased
with increasing length of tube before transition. The variation of the
maximum critical flux with flow rate and critical boiling length was
similar to that previously obtained with water.

3. Tube-inner-wall temperatures upstream of transition were essen-
tially uniform and were only slightly greater (less than 20° R) than the
fluid saturation temperature. Wall temperatures downstream of transition
were conslderably greater and the wall-temperasture profiles generally
resembled those obtalned in film-boiling studies. The form of the wall-
temperature rise downstream of transition appeared to be strongly depend-
ent on the fluid quality at the point of transition. Maximum wall tem-
peratures of 900° and 1800° R were obtained with hydrogen and nitrogen,
respectively.

4. Fluctuations of pressure, flow rate, and temperature occurred
during scme of the boiling tests. Under some conditions, maximum critical-
heat-flux values were attained during stable operation with fluctuations.
In other cases the fluctuations became uncontrolled, and restabilization
of the test condition resulted in critical-flux values less than the
maximum values.

5. No measurable pressure drop across the itest section was obtained
at any condition.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, May 29, 1962
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APPENDIX A

COMPUTATIONS AND DATA REDUCTION
Temperature Drop Across Tube Wall

An analysis of the thermal and electric flow in an electrically
heated tube is given in references 12 and 13. The basic assumptions of
this analysis are negligible radial-voltage gradient and negligible
axial-temperature gradient. For the case of a perfectly insulated outer
wall, in which the thermal and electrical conductivities of the wall are
linear functions of temperature, the equation for the temperature drop
across a tube wall may be written as

t -t (A1)

2.2 2
JI I'oRo(‘Rs.v> F
W, 0O w,i © 2 \R

’ 4 koAc \ o

1+ +/1 - AF

where

F = 1n(f{?59 - ( - %;) (A2)

Ty
§=1-— (A3)
@]
52
Rov S-=
= (A4)
Ro 5 52 N BS3
T2 6

2.2 2
JI°r R (Ra\™ %
A=—F R ) % (85)
c o o
2 2
B = JIZTORO av BO (AG)
- 2 R ] k_
A o} o]
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(A1l symbols are defined in appendix B.) For the conditions of this in-

vestigation,
2
(Raw)
g/ =1
0

Substituting the proper constants and dimensions in equation (Al)
gives the tube-wall-temperature drop as

R
o g 00,0131
t - 't_ ¢ = 24:651 e A7
W, 0 Wy i ko + \/1 - 0.0131 A) (A7)
and

R q
A = 2485T7% 22 (48)

ko

(R, = (ohms)(sq £t)/ft; k, = 1b force/(sec)(®R)). The heat flux at the
tube inner wall is given by

2
q = ;;LE¥§_ (§§2> (A9)
mrifde \Ho

which for this investigation becomes
q = 5.22x10* R T® (A10)

(R, = (omms)(sq £t)/ft).
The variation of the thermal conductivity of 303, 304, and 347
stainless steel with temperature is given in figure 18. The variation
of the tube electrical resistance with temperature is given in figure 19.
The computed tube-wall-temperature drop is given in figure 20 as a func-
tion of the heat flux and the tube-outer-wall temperature. For the con-
ditions of the investigation, the wall-temperature drop ranges up to 20°R
for the hydrogen conditions and up to 7° R for the nitrogen test condi-
tions. These computed wall-temperature drops should be applied only for
readings of thermocouples located in & region of negligible axial-
temperature gradient,
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Heat Flux

The local heat fluxes tabulated in table II were computed by

q = 282I°R (A11)

which is the same as equation (A10) with a change in the constant result-
ing from using the resistance in ohms per inch of tube. The heat fluxes
tabulated in table IT include not only the critical heat flux but also
the heat flux at the end of the tube, which was essentially constant over
the entire tube length for the subcritical flux conditions (no transi-
tion).
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APPENDIX B

SYMBOLS
factor defined in eq. (A5), dimensionless
tube-wall cross-sectional area, 4,5x10-4 sq ft
factor defined in eq. (A6), dimensionless
specific heat of 1liquid at constant pressure, Btu/(1b mass)(°R)
tube inside diameter, 0.04625 ft (0.555 in.)
factor defined in eq. (A2), dimensionless
test fluid mass velocity, 1b mass/(hr)(sq ft)
heat of vaporization, Btu/lb mass
heating current, amp

mechanical equivalent of heat, 778.3 £t-1b/Btu or
0.7376 1b force/(w)(sec)

thermsl conductivity, Btu/(hr)(sq £t)(°R/ft) or 1b force/(sec)(°R)

distance along tube axis measured from inlet station, in. (total
length of tube, 16% in.)

pressure, lb/sq in. &bs

rate of heat flow, Btu/hr

heat flux, Btu/(hr)(sq ft)

tube electrical resistance, (ohms)(sq ft)/ft or ohms/in. of tube
radius measured from tube centerline, %

factor defined in eq. (A3), dimensionless

temperature, °R

fluid mass-flow rate, 1b mass/hr

fluid quality or mass fraction of vapor defined in eq. (1),
dimensionless
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o coefficient of thermal conductivity as function of temperature,
1/°R

B coefficient of electrical resistivity as function of temperature,
1/°R

Subscripts:

av arithmetical average

er critical (conditions at point of sudden rise of tube-wall temper-
ature)

ex exlt of tube

1 inside surface of tube

in inlet of tube

o] outside surface of tube

sat saturation condition

W wall of tube
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TABLE I. - THERMOCOUPLE LOCATIONS

Description Sta- Distance from inlet
tion | (measured positively
dowvnstream), in., for -
Runs 100 | Runs 220
to 220 to 327
Tube outer wall 1 0.5 0. 52
2 1.5 1.5
3 2.5 2.5
4 3.5 3.41
) 4.5 4.5
6 5.5 5.41
7 6.5 6. 45
8 7.5 7,53
9 8.5 8.53
10 9.5 9.53
11 10.5 10.5
12 11.5 11.48
13 -—— 14.06
14 -—— 14.56
15 15.6 15.61
Copper bus 5
Far 16 -lg -1.81
Near 17 -7/8 -.88
Inlet section
Near 18 -1/2 -0.5
Far 19 -1z 1,44
Outlet section 20 17 17.22
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EXPERIMENTAL DATA
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TABLE II. - Concluded.

(a) Concluded. Hydrogen

T -
Aur Pressure, ot Loty Critical| Crit 1
P 1t ' current, bolling-{quailty | +
isq In arp length- H g
i | : to ‘
: ty s ; diameten
B ratio
4 [P S J U — i
Bl . 3 ; : 4 263 LL? NI Re] G|t z
o LU - IS 3r 266 200 S T TN B O Y
| H
Y i T T A S o1 L T Y T
i |
S [ R 1,500 i 42 4 S
N 1 o g - - el 4 g i a4z
e 304 - . - 351 0] 3| 3 3n | a3
- ES 2, Lin ) $ 0 ar| 6| oangore| ofq
oen i e 4.3 [T 2 ELTEREY IR 2
LD des --- [ - 42 UG 4 4 4
e 2 1o 1 +,03% 3l R ; s uGe oLz Lo G LE
E ERN .3 4,40 L ARSI A T R A 1 O]
P~ . ' -.3 317 H, 10 R i el bt # L Bt
' a - LI 315 9,050 i ke RIS I e
a0 5,800 Lo Ay 621 ©o
o T 1160 LU w0 -- g8 i E2
B S50 | 4. 2. 263 £,30C L 2oLz 0 4alaol sa| 4v ) B0l ne
A0 N 2.4 387 C
R 24 als 15,700
Woboeg 2.0 458 29,150
Con : ] 433 17,150
x4 : 2.0 424 16,400
1.8 373 12,50C
2.1 382 13,200
3! 382 13,75C
1.9 7 440 17,65
3.4 0 443 17,880
i.C 1 470 20,050
; 4.4 .1 418 15,650
i 3.4 s04 16,300
; g | - 525 16,350
i 2.9 .5 444 17,906
! 2.3 ] 106.2 378 12,950
! 1.9 o 397 14,300
2.1 3 419 15, 9C0
45.7 .8 1 3 430 16,750
45,2 & .6 2 447 18,150
457 6 N 448 18,150
4. osse | 4nn | -l 1| io,8%0 .- :
an.n D 44,2 | 457 1.8 -.1] 14,870 476
i B - N — i s
(b) Bitrogen
PO —
.2 1.8 17,030 | oew 8,870 657 |185|1se|i70) 175 ] 175 137
.8 1.2{ 24,030 304 3,250 6 1183]195(189) 171 | 1727 171
.0 2.0{ 24,300 322 10,400 50 [ 164°1871170] 179 374 [ 172
4 -.4{ 38,000 345 11,900 25.0 .38 | 162{195[163] 167 | 171 | 171
.2 -.2| 30,400 323 10,400 23.5 .39 | 1£00194}1€7] 271 | 170 | 170
0 9 29,800 313§ 9,800 [ 21.% .35 [ 165(1871170¢ 174 | 173 | 172
0 o 42,300 355 12,800 ; 24.2 .36 | 365[1971170} 165 | 175 | 173
4 6] 31,000 325 10,600 24.0 .39 1161119311671 171 | 171 | 170
.2 .8} 3C,400 326 10,650 29+ .43 [161]193[166] 173171 | 170
3 -.8] 15,700 309 43,550 2294 2,87 |1€3|195)167| 189 170 | 163
.2 -.7| 15,100 i34 ag,850 2254 4,95 [ 161|194[165| 168! 169 | 168
.7 -.2| 19,750 P30l 5,050 22.0 .48 | 162[194|267| 163, 171 | 170
4 -.9| 16,250 316 210,000 8294 2,83 |163.395(167| 165 171 | 170
.2 -2l 22,850 302 9,150 22.5% .44 | 164298|169| 167 172 | 171
G o 27,260 318 30,000 24.0 .43 | 184(297|168] 175| 17% | 170
3 - 25,100 352 212,350 4294+ A.7¢ | 159(1%ei 160 171 | 1701 169
.3 24,400 367 13,300 29.0 .18 liev(isa|1es| 175 | 170 153
-.4| 24,100 351 213,000 a,77 52]194{166| 185 171|170
o -.8] 23,800 371 13,80C M4 | 160{195{1€5] 165 | 171 | 170
N 208 9,500 160 (1911165 167 188 | 187
-.2} 4043 #18,700 160(157]167| 1730 1721 171
o 400 i . 1£0(198]169] 1717 173 172
| -.e2 106 16,500 .?n | l8lleco|1v0| 1780 174 173
! -.2 413 17,100 &7y 160 1200| 170| 188 31172
L2 161.4 |127.0 [160.C | 4. - 403 220,580 3.7¢ {160{201|170| 176 175 | 172
] 5.5 . 4. - 453 1611202(170| 168 174 | 173
N 3. 348 160:194(167| 171 | 171 { 270
e 3. - 489 161{205(171) 172 177 | 176
.C 4. - 154 159|187.262; 157 163 162
4.1 t 208 150|1881163| 187 | 164 | 163
4.1 -1 25 18C|189|163| 189 | 167 | 164
4.2 -1 323 180{192|185| 17¢ | 168 | 167
1.7 -.5 - 160{184|159) 163 | 160 | 160
2.3 -3 325 1€14197|166) 166 171 | 167
2.1 2| 24,400 384 14,700 1647294]833
3.0 30,500 410 17,000
3.0 37,500 409 21,300
3.4 Q 315 10,000
3.7 .3l 53,800 503 25,800
3.0 [ 24,000 367 13,500
2.0 c 30,400 3%0 | 15,300
_— i

“Hest flux, length-to-ilameter ratio, and quallty are superitical valuss and are taker as of tube-exit conditions.
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EXPERIMENTAL DATA
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Figure 2. - Details of test section, inlet, and exit.

31



32

‘H o2 ‘Buiroooqns jeTu; ofeJaae fajniosqe youl adenbs aad
spunod g £rsjewixoadde ‘sangssad uojidas-3san fualdoapAy PINBTT ‘UOTITSUBIG JO UOT3BO0T pue

xn1J 3eay BuTLJes pue A110018A €SBW JUBISUOD JOJ gat1Joad aanjesadwas [reM-Ja3N0-aqn] - ¢ 2Jan3 g

*300J saenbs aad anoy aad spunod 0002l Arejewixcadde ‘A31ooTon ssey (&)

‘ur ‘7 ‘327Ul 2qnjy Woay 30UBIETP T[BIXY

8T 91 1 et 01 13 9 14 c o] 2=
o]
I T B <
<Q
owmm aig|®|o|o o9 B 3|8 o|lc|l® |8
<
|
o \ ) 001
2|
= ]
> T
i
\ 7 002
/
QA o_
3at1ul
agni
\w a 00¢
\
/ / /
/
/
L 7 “ oo¥
A _ - \\M\\
~ M\
2
11X%3 (/ \.\ v
sqni~
ST = o 00S
A\ \le\L\\AH\\ uop3wa07 ardnodomaayl X |
Xt
9¢- 00L ‘1T 00z‘%z «
£s” ooL‘et oot‘oz v 1009
€3° 00621 003‘et O N
T 009 ‘2T 00:°s ]
£L°0 009 0T 330 o _
(33 bsj(ayq)
EET ]
% {3z dmwwhnM .uov
‘f377ENnDd 8SBW QT fxnry
PINLS ‘g 8ay —
18313720 ‘A3100ToA S8R TBOTITID
] 1 I3 1 ]
> >
: * HK— * e ¥ * > » » - * * Ilb

My faanjedadwsi [IBM-J33n0-3qn]

s

Lo}

¢

Yo



33

o2 fBuTrOo00qns 38TUT wwm;c>mmmu:ﬁomgmxucﬂwhmzwmpﬁamucjoaon
. -igs3 fuafoapfy pInbIT  CuOTITSUBLL O UOLIBOOI pUBR XN1J jB8Y Fui
2

Srasewixosdde ‘aangoasad uoTh
~famva pur £37007T3A §3BUW 1UBIIUO

g0 s3Tijoad sanjeasdwls; TTEM-JS3N0-5GN5 TpPapnILted - ¢ aandd
sL00) saenbs aod anoy <ad spunod Q0S¥ Arayewixoadde ‘A3700Tea ssBW ()

‘uy ‘T f39TUT Sqn] wod] S0UBISIP IBIXY

81 9T v1 T 0T g 3 ¥ 2 0 mAw
] | 2 - ;
8 ° ¢ TR e —§ 8o &
_ ‘ * ¥ 00T
4
o NS \A\ v
A f f 7 002
Q i | \ \ jatul |/
i i
aq . o
<
Y O
o 00%
/ﬂ//llLN\h / Q
W /f /| w\ 00%
! /f(b\a\ Q\ _,
- | . ﬂ\ &
] | \\ ; L
| i \ ,M\ o
- , \ \a\ﬁ 008
; uci3eooT aldnooomiat] X
| A oo MU I N B b _
1:¥%5 \ \M\ REN 00T¥ Smum.ﬁ 9
agqng, 55° 005% 00z°TT o]
k A /\Q\ = se- 000¥ 0016 o —{009
’ | ] 08° 003¥ 0063 o
L 63" 00T¥ 00L L v
e’ 00%¥ 00: ‘3 Lo
243" 00S¥ 005 ‘s o
. 00vY 006°s
£8°0 o oos
33 bs; (g,
nig ]
% 13 Bs)(aq) huud
f£331enb SSEW qT xnrg
— PINTY ‘D ey —
T80T9TaD  ‘A3TI00TaA sSEY T&2138ID)
ﬁ; | L4 | | J
¥
: 2 3 % XXX - —x *—] )

‘Oqu ‘sanqedadwal) [TEM-J93R0-34QN0L

Ho



TSUOTLTPUOD 23BJI-BUTLESY PUE ‘9led-mOTJ ‘adaniedadusq ‘sanssadd [BI9ASS
1B eqny paseay ydnoayl sed usBoaply 1000 Jo #OTJ J0J satijoad asanieaadwag TTEM~IB3N0-3QNL - ‘% 2an3Tyg
‘U ‘7 ‘537Ul AQn) WOJJ 20UBLSIP TERIXY
a1 at 71 ot 0T 3 G 14 Z o~
TT T T T T T T T T T T T T o]
uoT38007 atdnooomrayl X
27 g 00521 0T LS 5°0L A
i 3¢ 005 ‘. 12T 33 528 v
2°5% e 003421 o6 9% 6v <o v
¥ 3v e 05: g1 26 ¥3 205 o
5% 752 005 LTT 25 2G o d
v =4 001
Ho Ho Ho m O
lwm., durs (3 Bsjy(ay) .xmw .E”w ut bs = Is)
o ‘oary ‘1 SSEW | ‘aany ‘oany  S9® Tgy
-grodus £4UBIINd ‘n -grodwsy -wasdwan ‘q mw
w UOT3BIN}ET Furyeal ‘A3 To0TeA SSBY 1TxXH 391Ul ‘aanssaag \ 002
A H
V i [ \
~ AT \\A»
\\hﬂ\\ “\M
x\\LU\\ \h\\ 00%
Py \0\ \\
112 A \ 4 331Uy
agng >\ h\ 2gNL~
A v X 00S
AN \Q\
iy o A ot 009
/ \l—
—A
00L
a3 H—X Zad * Fa3 ral X Za3 % X ol o Za Fa)

‘aanjeaaduws) TreM-I23N0-3qnN,




35

‘¥ o2 f3uiroooqrs 387Ul 83vasa®R {33NTOSQE UOUT aJgenbs
Jsd spunod ¢ frasewixoadde ‘sanssaad uoT3nes-1s93 fusaBoaply pinbiT  c £1100TAA SSBW PUB XnT]

€2y JUTLJBA DUB UOTJEDOT UOT}[SuBRI] juelsuod aoJ €371Joad sanjededuwss (TBr-Jd33ino-aqnl -

*g7T frazewixoadde ‘073®a a335WEIP-03-UiBusT-BUITIOq-TEO (3 TJD (=)

Ul ‘T ‘48TUl SQN3 WOJJ 30UEBASID TBIXY

‘G 3anZTd

81 a7 hAs ctl [ohd 8 9 4 c [
0
8 8 gg "8 °
00T
v 002
° /
g
/ 00¢
i \\ 31Ut
2qn]~
A \ any,
00%
uotyso0T aTdnodowaayr, X m
3exe BN 0391 00502 N
SANL—~ b 2, ; v
= 0021 00002 ¢ a
. 02v L 008 ‘5T o 00s
015°s 00g ‘ST a
0L ‘% 00g ‘1T o
(33 bs;(ay
g
J0 ) Oow
x (33 bs)(aq) LA
‘£31T8nD sseu qT ‘xng
PINTI ‘9 1BaTY
Te2137a)  ‘A3700Ton 89WH  [uoiqlan
1 1 i i i 1 1 1 00L
el
X H—H Fay Zay Za X X Fal ol X% e — %

4
‘X

‘sanjeasdwal [TEM-J34N0-3qNn]

3

€
OM

o




36

‘¥ a2 ‘Builoooqns 39TUT 93BJI9AER feinTosqe youl sdenbs aad
gspunod oG Sfia3ewixosdds ‘sansgzoad uoTioes-L3as fuaBoaply pInbIT A5 1007T2A $SBW pPUR XNTJ 3BaY Jul
~-{JaeA puU®B UOT3BOOT LOTLISURIY JUBISUOD J0J salijodd sanjeasdusy [IEM-I33n0-3AR]  ‘DapPNTDUCH - G 2ANBTg
‘Sra UTajewtxoadde ‘oriva asssweIp-01-y3duaT-Buirieq-Bo1iTan (q)
‘Ul 7 f3eTul 2qni WoaJ 9ouBlSTIP TEIXY
|1 91 kA 2t 0T g 9 14 Z ] [
T 0
| IR , |
o B AR - B -
m uoT3eLol aTdnodOWmLay], x _ n ,
w £3 00T
¢ 00Tk 002°¥%2 v
v 0968 05: ‘6T (¢
030 ‘% 00521 a
e 025°e 0001 o ,
Www bs ;) (ay 002
nag
v IOy (35 bs)(ay) <19y
3 ‘i37TB0b SSBUL 47 XTTE
3 PINTH ‘o 88y '
TBOTLTID 20Tan SSBK T8OF4TID ! 00¢
0 /
‘ i
\ 1 391Uy
aqnL
v ﬁ\\ \ 00¥%
78 :
b\ n“
s \O\\ ] \A\
aqni— \
TP <7 008
/ w2
uu A
]\\ \\U\\ °
Py
\\V\\ — O 002
s
= 004
> = e
3 3 X a3 Ay » X

[IBM-I33N0-aqn]

‘aangeasdusg

oM
‘ 3

Ho



37

Y ‘BuiTooaqns 3sTUT ©FBIaA® {83NTOSOE YIUT aasnbs aad spunod Q5 %Hmpwaﬂxo.agm
‘aanesagd UOTI0S-3893 fusBoaply pINDTT  A3TO0T8A SSBW UjTa XNTI 37257 T[BOTFTIO JO UOTIBLIBA = *5 2aINITJ

‘9z KToqeumixoxdde ‘oTyBI J990WeTp-03-U38uaT-BUTIIOq-TRO T3 TID (%)

(23 bs)(au)/ssvu a1 ‘D ‘A3TO0TOA SSEW

|
\

mo.hx,m,_.. 31 YT AN o1 8 9 4 2 0
_ _ | | | _ ﬁ _ \
. TejusmTIadxy — O \\\\‘
1= b
Z
00T —_— p,
o _ \\\ - o i
0S50 _ -

I - Jo Nxaﬁpﬂmsw PINTS \\\ - 7 ~
JI0J JUuTT A3TTenb-jurqsuc) ¥
_ \\ ol 8
o\\\ 4
-
/
P o\ 1K 2t
\\\ \ s,
- 1 Z \\
\\ \\o\ \
7 P \\ 9T
\\\\\ I \ \\\

\o\ \\ /| o

m.OHVQN

(133 Be)(au)/mag T°b ‘xnly 38aU TEOTITID



38

" 2 ‘BurTooo
-qns 48TUT sFwisaw f3qnosqe YoUT axenbs aad spumod og Areymurxoxdde ‘aangsaxd UocT3098=-1887
fusFoaphy pInbIT *£3T00TaA sgBm UITA XNTF 988 TBOTRTJIO JO UOTIBTIBA *PanUIZUO) - 9 aanITJg
*02 ATorwuixoxdde ‘o138 I3%8WETp-03-41FUST-BUTTTOq-TBITFTI) (a)

(47 Bs)(ay)/ssew qT ‘D ‘£3T00TPA SSBR

mow.Xwa A 2T 0T 2] 9 4 2 o]
- Te3UswTIdXy emeoeo—O———
00T —_——————
- SL* —_——— ¥
050 —_—
L - 3o ‘x ‘AqTTend pInTg \\\\\\\
I0J sUIT A3TTBND-QUBLSUO) \
A \\\\
”
e 3

yd / .

\
AN

c0TA¥2

(33 Bs)(au)/mag b ‘xn1y 3mey TROTRITID



39

M 42 futToo
-qns 1aTUT 88BIaAB foanTosgs UYoul aavnbs aad spunod g Lrsyswixoxdds fsansssad uoT13098-459%
fusBoaply pInbry £9I00T8A SSBW UITA XNTJ 3BSY TBOTATJID JO UOTFBIIBA *PONUTIUC) - °*g 2INITd

‘6T AT9ysBurxoxdds ‘0T3BI I979WBTP-03-U3JUST-FUTTIOQ-TBOTATID (2)

(43 Ps)(au)/ssew qr ‘D ‘L3To0Ten SSBH
cOTX9T ias 2T 0T 8 9 14 2 0

o

L Tejusutaodxy ——mMO—— z

- & ———— vz

050 _—

\\ \\\\
- JO ‘x ‘£31TenD pPINTI < ya

I03 SUTT LarTenb-queqsuoc) 4 i
/
\\\\\\ i
A
7,
/,
O

\\\\\\\ ° ‘\\ \\\ 2T
\\\\\\m i
\\\\\ \\mvnﬂ\ \\\\ \\i\
\\\\V p; \\ 3T
e

N
\ N

LOTF2

(33 Bs)(au)/mag ‘T°b ‘xnyg 4Ly TBOTITAD



Critical heat flux, q.., Btu/(hr)’sq ft)

40

28x10°
pead
24 //
/ -
/ // ////‘//// (@] /’/////
20 O
/ /// e} /
P 0 ol ~
o /
14 ! ’ // o
/ / // /
/ ’ o A
/ // S
/O’ / 7
12 O s -
7 -
/ il <
/ V2 / 1/
/ 7 / 7~
/
[
8 L e
] 7/ Vg
// / / Constant-quality line for
. // P fluid quelity, x, of -
{ 7 / 4 y A —
// / / _ 0.25
. / b4 P _ .50 ]
/ —_— .75
N / / _ 1.00
SN 7 |
%,/ ———O— Experimental
I l l | 1 | |
0 2 4 6 8 10 12 14 16+103
Mass velocity, G, 1b mess/(hr)(sq ft)
(d) Critical-boiling-length-to-diameter ratio, epproximately 8.5.
Figure 6. - Concluded. Variation of eritical hest flux with mess velocity. Liquld hydrogen;

test-section pressure, approximately 50 pounds per square inch mbsolute; average inlet sub-

cooling, 2° R.
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Figure 10. - Variation of maximum critlical heat flux with mess velocity at various critical-

boiling-length-to-dilameter ratios. Liquid hydrogen; test-section pressure, approximately
SO pounds per square Inch absolute; average inlet subcooling, 2° R.
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10° I —

G,
N\J 1 mass/(hr)(sq ft)

||
AN

13,500

N

N
\ 8,100 N

G,
\ 4,250 | N 1b mass/(hr)(sq ft)

Fa

N

/
/

‘* 13,500

a4

VY
O
104 x
NS
D

Q Y

F—— Mass velocity, %‘ \\
\\\ N

o 4000 to 4500 >
_ 7500 to 8700
e e 12,600 to 14,700

G,
— 1b mass/(hr)(sq ft)

Constant-quality line for
fluid quality, x, of -

—_—— 0.50

1.00
103 | ) ’ '
10t

Critical-boiling-length-to-diameter ratio, L/D

Figure il. - Variation of maximum critical heat flux with critical-boiling-length-to-
digmeter ratio at various mass velocities. Liquid hydrogen; test-section Iressure,
approximately 50 pounds per square inch absolute; average inlet subcooling, 2¢ R.



Critical heat flux, q,., Btu/(hr)(sq ft)

80,000

47

_ Constant-quality line for //
F0,000 fluid quality, x, of - /

~—O—— Experimental , /

20,000 /
/ 1
r'd
rd

20,000 /

7
// -~
v
, o)
o

10,000 = 4
/Yo
8,000 .

10,000 20,000 40, 000 60,000 100, 000

Mass velocity, G, 1b mass/(hr)(sq ft)

Figure 12. - Variation of critical heat flux with mass velocity at critical-boiling-length-
to-diameter ratio of 29. Liquid nitrogen; test-sectlon pressure, approximately 50 pounds
per square inch absoclute; average inlet subcooling, 4~ R.
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Figure 1Z. - Comparison of maximum critical loiling heat flux with submaximum critical hoil-

ing heat tlux. Liquid nitrogen; test-section pressure, 42 to 57 pounds per square inch
aksolute; inlet subrooling, 19 to £© R.
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Figure 17. - Nucleate heat flux as function of wall superheat. Liquid nitrogen; test-
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(a) Hydrogen test conditions.

28%103

Figure 20. - Temperature drop across tube wall as function of heat flux and tube=-

outer-wall temperature.

Negligible axlal temperature gradient; tube of 304
steinless steel; inside diameter, 0.555 inch; wall thickness, 0.035 inch.
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(v) Nitrogen test conditionms.

Figure 20. - Concluded. Temperalure drop across tube wall as function of heat flux
and tube-outer-wall temperature. Negllgiovle axial temperature gradient; tube of

204 stainless steel; inside diameter, O.

555 inch; wall thickness, 0.03& inch.









